Wavefront sensors provide quite useful information on the optical quality of the eye. However, in eyes where very high-order aberrations and scattered light are prominent, wavefront sensors may overestimate retinal image quality. This study showed that, in those cases, the double-pass technique is a complementary tool for better estimation of ocular optical quality. METHODS. A double-pass (DP) instrument was used, based on recording images of a point source in near-infrared light after reflection in the retina and double-pass through the ocular media. The aberrations were also measured with a prototype of near-infrared Hartmann-Shack (HS) wavefront sensor adapted to the clinical environment. From the wave aberrations, the modulation transfer function (MTF) was calculated (MTF_HS). The MTF was also obtained from the double-pass images (MTF_DP). Both techniques were applied in normal young subjects as the control and in three other groups of eyes: older subjects, after LASIK refractive surgery, and after IOL implantation. RESULTS. The MTFs obtained from DP and HS techniques were compared. In the group of normal eyes with low levels of intraocular scattering, these estimates were quite similar, indicating that both techniques captured well most of the optical degradation. However, in eyes where scatter was more predominant (e.g., early cataract, posterior capsular opacification after IOL implantation) the MTF provided by the HS sensor was always higher than the MTF obtained from DP. A single parameter was used to indicate the differences. CONCLUSIONS. In eyes with low scattering, DP and HS techniques provided similar estimates of the retinal image quality. However, in a patient's eye with mild to severe amount of scatter, wavefront sensors might overestimate image quality, whereas the DP technique produces a more accurate description of the optical quality, better correlated with the quality of vision. (Invest Ophthalmol Vis Sci.
T he recent advances in methods to measure the ocular wavefront aberration have provided very useful information about the eye's optical performance in monochromatic light. The number of studied eyes has dramatically increased in the past years, helping the analysis of aberration structure both in the normal population [1] [2] [3] and in eyes affected by different types of diseases or after ocular surgery. 4 The relative contribution of cornea and lens to the complete eye has also been reported by combining total and corneal aberrations. 5, 6 In contrast, the double-pass (DP) technique, was proposed to estimate the retinal image quality half a century ago. 7 The technique is based in the recording of the retinal image after double-pass through the ocular media and retinal reflection. The method incorporated different technical innovations 8 -10 and demonstrated to provide accurate estimates of the eye's image quality. From the double-pass images, the ocular modulation transfer function (MTF) is determined. The MTF provides information on the overall optical performance of the human eye, including all the optical defects involved in retinal image degradation, such as diffraction, aberrations, and scattering. This property of the DP method of capturing all the relevant information affecting the retinal image renders the approach extremely powerful in many of the conditions that specially affect scattering. In particular, the method has been used to investigate retinal image quality as a function of age, 11, 12 after the use of contact lenses, 13 or after implantation of intraocular lenses. 14, 15 Despite the potential of the DP technique, in the past decade, most of the attention has been directed to the measurements of the ocular aberrations by using wavefront sensors. These sensors are being used in clinical ophthalmology (mostly in refractive surgery) and also in vision research, where the correction or manipulations of the eye's aberrations (adaptive optics 16, 17 ) was used in different experiments. 18, 19 Although a large number of different techniques have been developed for measuring the eye's aberrations (e.g., the crossed-cylinder aberroscope, 20 the spatially resolved refractometer, 21 the laser ray-tracing method, 22 phase-retrieval from DP images, 23 and the pyramidal sensor 24 ), the Hartmann-Shack (HS) sensor [25] [26] [27] is the most commonly used today, and the base for most of the clinical devices currently available. Although, the wavefront sensors are extremely useful, their main drawback is the lack of information on quite higher-order aberrations and scattering, due to limitation imposed by lens sampling.
Intraocular scattering 28 affects the image quality, reducing quality of vision. In normal, young, healthy eyes its impact is usually small for most visual tasks, but that is not the case in other subjects with ocular conditions such as cataract, older eyes, or refractive surgery. Several methods have been proposed to estimate scatter, including psychophysical techniques, 29 and others based in Scheimpflug imaging, dynamic light scattering, 30 or the analysis of Hartmann-Shack images. 31 However, there is still a lack of robust objective techniques to measure scatter. Moreover, although scatter may affect wave-front sensors, in general, these devices are not designed to capture this information. On the contrary, the DP method carries the complete information on the retinal image. In this context, the main purpose of the present study was to compare the results obtained when both techniques, DP and HS, were applied under comparable conditions in different subjects: normal older subjects after standard refractive surgery and IOL implantation, compared with a control group of normal young subjects. This comparison will be of help to know whether wavefront sensors overestimate retinal image quality in some cases. In addition, it will show the that intraocular scattering in different eyes can be used as a means of characterizing image quality more in relation to quality of vision. This research has been reported in part in abstract form (Pujol J, et al. IOVS 2003; 44 :ARVO E-Abstract 2546).
METHODS

DP Instrument
The DP measurements were performed with a commercially available instrument (Optical Quality Analysis System [OQAS], Visiometrics SL, Tarrasa, Spain). Figure 1 shows a schematic diagram of the apparatus. It corresponds to an asymmetric double-pass configuration, 32 allowing the capture of the possible asymmetries in the retinal images otherwise lost in the conventional DP system (see Ref. 33 for further discussion on the image-forming properties in the DP). A point source is projected on the retina. After retinal reflection and DP through the ocular media, a camera records the DP image. The entrance pupil (EP) has a fixed diameter of 2 mm, whereas the exit pupil (ExP) is controlled by a diaphragm wheel, ranging from 2 to 7 mm. As a point source, an infrared laser diode (LD; ϭ 780 nm) coupled to an optical fiber is used. For the subject's defocus correction, a motorized optometer, consisting of two lenses (L3, L4) with a 100-mm focal length and two mirrors (M2, M3), is used to correct defocus. An infrared video camera (CCD1), with a pixel size of 8.4 m, records the DP images after the light is reflected in the retina and beam splitter (BS2). Pupil alignment is controlled with an additional camera (CCD2). A fixation test (FT) helps the subjects during the measurements. Additional technical details on this instrument are described elsewhere. 34 We used nearinfrared light to record the DP images. This method was more comfortable for the subject, and, in addition, it has been shown that it provides adequate estimates of the retinal image quality compared with those obtained with visible light.
35
HS Instrument
The wavefront aberration measurements were performed using our custom-made research prototype HS wavefront sensor, adapted for the clinical environment. This system, described elsewhere, 27 consists of a microlens array (ML), conjugated with the eye's pupil, and a camera placed at its focal plane. If a plane wavefront reaches the microlens array, the camera records a perfectly regular mosaic of spots. However, if a distorted (i.e., aberrated) wavefront reaches the sensor, the pattern of spots is irregular. The displacement of each spot is proportional to the derivative of the wavefront over each microlens area. From the images of the spots, the wavefront aberration was computed and expressed as a Zernike polynomial expansion. 36 The light source was also a near-infrared laser diode (ϭ780 nm) and the microlens array had an effective aperture size of 0.3 mm at the entrance pupil plane. The accuracy and precision of the system was assessed previously to the data collection in subjects by using controlled defocus and calibrated spherical aberration plates. The precision of the HS system measuring defocus was better than 5% in all cases. A schematic diagram of the apparatus is shown in Figure 2 .
Subjects
Twenty eyes were investigated and included in one of the following groups: (1) control group of normal young eyes (n ϭ 7) aged 39.4 Ϯ 3.1 years; (2) normal old subjects (n ϭ 6) aged 69.0 Ϯ 9.7 years (in some cases with cataract in its very early stages); (3) pseudophakic eyes, after successful IOL implantation (n ϭ 4), aged 44.5 Ϯ 26.4 years; and (4) subjects after standard LASIK refractive surgery (n ϭ 3), aged 27.3 Ϯ 5.8 years. All clinical examinations, surgeries and measurements were conducted at the IMO, Barcelona (Spain). Practices and research adhered to the tenets of the Declaration of Helsinki. Informed consent was obtained from the subjects after explanation of the nature and possible consequences of the procedures. The study was approved by the ethics committee for clinical investigation at IMO-UAB. 
Experimental Procedure
Both DP and HS measurements were performed under natural viewing conditions, with a fixation test placed at infinity. A dim ambient light was maintained in the room to assure at least a 5-mm natural pupil diameter. For each eye, 20 DP images were recorded for both symmetric configuration (entrance and exit pupil of 2 mm) and asymmetric configuration (entrance pupil, 2 mm; exit pupil, 5 mm). In both cases, possible refractive errors were corrected by using the motorized optometer. Five HS images were recorded, processing the ocular wavefront aberration for the whole available pupil, using a Zernike polynomial expansion up to the sixth order. For comparison with the DP measurements, the wave aberrations were recalculated for the selected pupil diameters (2 or 5 mm), centered at the geometric center of the pupil. The complete set of DP and HS measurements lasts approximately 5 minutes and is comfortable for the subjects.
Theory
We used the MTF as the reference for the comparison of the retinal image quality provided by the two methods. MTF represents the loss of contrast produced by the eye's optics on a sinusoidal grating as a function of its spatial frequency. The MTFs were computed from both the HS and DP images to be compared. Figure 3 presents a schematic diagram of the procedure. The Fourier transform of the DP image captured with aperture diameter 2 and 5 mm corresponds to the product of the MTFs for such pupil diameters (MTF 2 ϫ MTF 5 ). 33 In contrast, from the HS image, the MTF is easily computed 27 independently for each pupil diameter (MTF 2 and MTF 5 ). The product of the two MTFs will be used to compare both methods. Because two different instruments were used, the possible differences in defocus could be a source of discrepancy. We minimized this problem by using the following approach. DP images were collected at the best focus position. A series of images was first recorded at 0.1-D intervals and the best focus position selected. From the HS data, we chose the value of defocus that maximized image quality (i.e., producing the maximum Strehl ratio (SR)). Beyond the direct comparison of MTFs provided by both methods, we also used the SR as a single metric to compare the estimates of image quality provided by both methods. The SR is a parameter commonly used for estimating the overall optical quality, defined as the ratio of the intensity at the peak of the image formed by an aberrated optical system to the intensity of the an aberration-free system. A fraction of SR provided by the two methods was calculated:
This parameter, SR HS-DP , accounts for the difference between both DP and HS. The MTF calculated from HS (MTF_HS) provides information on aberrations (up to midorder, depending on the reconstruction and the area of the microlens). In contrast, the MTF obtained from the DP images (MTF_DP) provided all the information affecting the retinal image quality, including aberrations (up to a very high order) and scattered light. A small or zero value of the parameter accounts for an eye where both methods provide similar performance (i.e., where high order and scatter make a minor contribution). A positive value means that the image quality estimated with the HS is better than with the DP. This indicates that the eye has a significant component of high-order aberrations and scatter (not captured by the HS). We also estimated the relative contribution of high-order aberration and scatter as a function of the spatial frequency ( f ) by calculating (S( f )):
Calibration of the Instruments
Before performing the experiment in the subjects, we compared the instrument and the complete procedure in an artificial eye. This system is mainly affected by aberrations, with an expected minor effect of scattered light. Under this assumption, the MTFs obtained by the two methods should be similar. The results of two pupil configurations (2 mm) and (2 and 5 mm) are presented in Figure 4 . In both cases, MTFs were very similar. The small differences may be due to slight differences in centration in both instruments. This result further validates the performance of both techniques under controlled conditions and the validity of the comparisons.
RESULTS
We first collected data in the control group of normal young subjects. Figure 5 shows as an example of results for one of the subjects. The HS image (Fig. 5a ), the reconstructed wavefront (Fig. 5b ) and the calculated DP image ( Fig. 5c ; from the HS data). This image should be compared with the DP image directly recorded (Fig. 5d ). The MTFs from both techniques are also compared (Fig. 5e ). As expected, since scatter and very high-order aberrations should have a small contribution in this subject's eyes, both methods provide similar estimates of image quality. Figure 6 shows the average MTFs in all subjects in this group. Although the MTFs obtained by both HS and DP were similar, we found a slightly lower MTF for the DP measurements. This could be explained by the slightly different focus setting in both techniques. A very different situation occurred when the procedure was applied to an older eye with early cataract. In this case, scatter severely affected the retinal images, but the aberrations were normal values. Figure 7 shows the set of results for this subject: the HS image (Fig. 7a) , the reconstructed wavefront (Fig. 7b) ; the calculated DP image from the HS data (Fig. 7c) and the DP image directly recorded (Fig. 7d) . The MTFs from both techniques are also compared (Fig. 7e) . It should be noted that in this case (early cataract) it was still possible to record the HS image and then calculate the associated aberrations. In this subject, the DP retinal image is clearly more extended than that associated only to the aberrations (estimated from the HS). In addition, the MTFs showed an important difference, with the MTF for HS overestimating the retinal image quality. Figure 8 shows the average MTF results for the other three groups of subjects: (Fig. 8a) older subjects (some with early cataract ; Fig. 8a) ; eyes that underwent standard LASIK refractive surgery (Fig. 8b) ; and eyes after IOL implantation (some with minor capsular opacification; Fig. 8c) . In all the three groups, the MTFs estimated from the HS are higher than from the DP. This indicates the important contribution of scatter in these eyes. The larger difference was obtained in the group of older subjects, where some cases presented early stages of cataract development, leading to a significant increment of scatter. The group of post-LASIK subjects, although they were even younger that the control group, showed a higher MTF from HS than from DP, perhaps due to an increment in the very high-order aberrations and/or surgically induced corneal haze. The last group, corresponding to patients with IOLs, showed similar differences, in this case probably because of the presence of some posterior capsular opacification. Figure 9 shows for the average for each group of the function S( f ) (equation 2) calculated for 2-and 5-mm pupil diameters. This is a direct comparison of the MTFs obtained from HS and DP, for spatial frequencies up to 30 cyc/deg. Using equation 1, we also calculated SR HS-DP for all the subjects, and compared the mean within groups (Table 1) . This is a single parameter that indicates the relative effect of scatter or extremely high-order aberrations. A higher value of the parameter indicates a larger impact of these factors. For both the 2-and 5-mm pupil size, the group with older subjects showed the largest value, indicating more light diffusion (it should be noted than in this group, some eyes presented early stages of cataract development). In post-LASIK and IOL eyes, the parameter was lower than in group 2, but still clearly higher than in the control group of young healthy eyes.
In a number of eyes, visual acuity data collected clinically were available. Figure 10 shows for this smaller subgroup of seven eyes, how the optical parameters obtained by the two methods were related to visual acuity. The parameters SR HS and SR DP were similar in the eyes with higher acuity, but in the cases of eyes with more scattered light, SR DP provided a better prediction of acuity. The DP-based parameter is well fitted with a linear function to the acuity (Fig. 10, dashed line) , whereas the HS parameter is fitted with a quadratic function (Fig. 10,  solid line) . Although this is a good indication that the DP estimates are better correlated with visual quality, since we only had access to a small number of acuity data in this study, further research in this area is necessary to fully confirm this tendency.
DISCUSSION
We have compared the retinal image quality obtained with DP and HS wavefront sensor instruments. We applied both techniques in four groups of subjects having a different contribution of aberrations and scattering. The estimates of the retinal images were compared through the MTF, the ratio of MTFs (S( f )), and a single parameter (SR HS-DP ). This parameter provides information on the relative impact of an increased intraocular scatter on the retinal image. This parameter could range from 0, showing identical HS and DP contributions and suggesting an eye only affected by low and midorder aberrations, to 1, where the eye presents a complete lack of transparency, making scatter the predominant factor. In the group of normal young subjects (used as a control), we found a small, although not zero, value of this parameter, and the dispersion of data was relatively small. This indicates that in normal young eyes, HS and DP provide similar estimates of image quality, as should correspond to eyes with a minor contribution of scatter. However, this situation was not the case in other eyes. More notably in some older eyes presenting early stages of cataract, whereas the HS still was able to provide with an estimate of the retinal image, this was significantly better than the direct DP measurement. This is a clear example of an eye, affected by scatter, for which wavefront may fail to produce an overestimation of the image quality. Other types of eyes also showed differences in both methods. In these cases, eyes post-LASIK and those with IOLs also presented a larger variability. This could simply indicate a different level of scatter due to differences in the degree of corneal haze or different level of possible capsule opacification.
These results clearly suggest that in those cases in which the level of intraocular scatter could be higher than normal, additional direct measurements of the retinal image quality should be required beyond wavefront sensing. This is particularly important since what is actually well correlated with quality of vision is the quality of the retinal image and not aberrations. Investigators in other recent studies 37 that involved the DP approach have suggested this potential for the technique.
We should notice that the values of the parameter were lower for a 5-mm than for a 2-mm pupil diameter. This difference may simply indicate that the relative importance of scattering compared with aberrations decreased with pupil size in all the groups. Therefore, the amount of diffused light in DP images increased more slowly than aberrations did with pupil diameter.
The DP image provides complete information on the ocular optics, but also that concerning the retinal reflection. One possible drawback of the DP approach could be the unknown effect of retinal scattering. Previous experiments 38 recoding simultaneously DP images at different eccentricities suggested that retinal scatter affects slightly the DP images. In any case, the differences in this study for the control group could in some part come from this effect. Other factors potentially affecting the DP estimates is the polarized state of the incident light. This issue was studied previously in detail 39 and we found that the DP retinal image was nearly independent of the state of polarization of the incident light (in the first pass). In our case, linear polarized light was used. However, different estimates of the retinal image quality were obtained for combinations of polarization states in both the first and the second pass, and this should be considered in the instrument design.
In summary, we showed that the combined use of HS and DP allows differentiation of the relative contributions of aberrations and scattering in different eyes. This is a powerful approach, especially in those cases in which wavefront sensor provides good estimate of the image quality, but the subjects present a poor quality of vision. The use of the DP technique could be of potential use in a large variety of clinical situations: such as postrefractive surgery management, halo, and dazzle quantification, and early diagnosis of cataract.
